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Abstract

We proposea conserative extensionof the polymorphiclambda
calculus(F“) asanintermediatdanguagegor compilinglanguages
with name-basedlassandinterfacehierarchiesOur extensionen-
richesstandardF™” with recursve types,existentialtypes,androw
polymorphism,but only orderedrecordswith no subtyping. Bas-
ing ourlanguagen F“ makesit alsoasuitabletargetfor translation
from otherhigherorderlanguagesthis enableshe safeinteropera-
tion betweerclass-basedndhigherorderlanguagesndthereuse
of commontype-directedoptimizationtechniquescompilerback
ends,andruntimesupport.

We presenthe formal semanticof our intermediatdanguage
andillustrateits featuresby providing a formal translationfrom a
subsetof Java, including classesjnterfaces,and private instance
variables. The translationpreseres the name-basedhierarchical
relationbetweenJava classesaandinterfaces,andallows accesgo
private instancevariablesof parameterof the sameclassasthe
onedefiningthe method. It alsoexposesthe detailsof methodin-
vocation and instancevariable accessand allows mary standard
optimizationsto be performedon the object-orientedode.

1 Introduction

Theexplosive growth of the World Wide Webhas,asthe Java phe-
nomenordemonstratesnducednenfoundinterestin mobilecom-
putationfor “programmingthe Weh” In this domain, the safety
andsecuritypropertiesof programsaremore crucialthanever be-
fore. Recentwork demonstratea clearconnectiorbetweensecu-
rity propertiesandformal type systemg28, 20, 24).

Type checkinghaslong beenusedto ensurecertainproperties
aboutthe runtime behaior of programswritten in stronglytyped
languages. In the corventional model, however, type informa-
tion is discardedmmediatelyafter type checking.We mustthere-
fore trust thatthe compiler—throughits mary transformationsind
optimizations—déithfully preseresthesourcdanguagesemantics.
Furthermore,given only the object code (without type informa-
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tion), it may be difficult or impossibleto verify suchproperties.
Thus, it is becomingincreasinglyimportantto presere full type
informationthroughouthe compilationprocess.

The Java Virtual Machine Language(JVML) [25] was de-
signedto addressheseissues.JVML bytecodecontainssuficient
typeinformationfor an automaticverifier to prove memorysafety
andotherproperties Thetranslationfrom Javato JV ML is mostly
type-preserving.

While JVML doescontaintype information and submitsto
verification, it hasseveral drawbacks. First, VML may not be
a goodfit for sourcelanguagestherthanJava [27, 3]. For ex-
ample, JVML doesnot provide direct supportfor tail-recursion,
higherorderfunctions,and polymorphicfunctions,makingit im-
practicalfor implementingunctionallanguagesSecond,JV ML is
designedor bytecodeanterpretationnotasacompilerintermediate
languageTheJV ML instructionsetis basenastackmachineso
it is difficult to performstandardptimizationson JVML. Third,
JVML hasa comple semanticsoit doesnot provide good sup-
port for formal reasoningMuch cutting edgeresearcton security
and information flow [28, 20, 24] is hardto incorporateinto the
JVML-basedramevork.

The FLINT projectat Yale[34, 35] takesa differentapproach.
We aim to build a compilerinfrastructurefor HOT (higherorder
andtyped)languagesOurgoalis to usearichly typedintermediate
language(basedon the polymorphicA-calculusF“ [18, 33]) asa
commontargetfor compiling varioussourcelanguagege.g.,Java,
ML). Our systemwould allow the reuseof commontype-directed
optimizationtechniquesgompilerbackends,andruntimesupport.

Building a production-qualitytype-preservingcompiler is by
no meandtrivial, especiallyin the presencef adwancedlanguage
featuressuchas parametricpolymorphismand higherorder mod-
ules. Recentadvancesin compilertechnology however, aremak-
ing type-preservingompilationa reality [37, 36]; the currentver-
sionof FLINT hasbeenin widespreadiseastheintermediatdan-
guageof the SML/NJ compiler[2] sinceJanuaryl997.

Extending our typed intermediatelanguageto handle Java
classegposesmary new challenges. First, the Java type system
is dramaticallydifferentfrom the F* type system. Naively com-
bining Java and FLINT could easilyleadto anincomprehensible
languageThe challengds to abstracthe commonalityandto find
asynegy betweerthetwo languages.

Anotherchallengan modelingJava classess to find anobject
encodingthatis faithful to the Java semanticyet still supportsef-
ficientimplementation Existing encodingsf object-orientedea-
turesin typed A-calculi [21, 5] userecordsof functionsasdictio-
nariesand existential typesfor dynamicbinding. Theseencod-
ings, however, do not supportJava-like name-basedlasshierar
chies;two differentclasstypeswith exactly samesetof methods
andfields are considerecdas equivalent by theseencodings. This
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is not acceptabldecauselassandinterfacenamesn Javaplay a
critical role duringtype-checkinglinking, loading,runtimeexecu-
tion, and casting. The explicit classhierarchyis also crucial for
mary importantoptimizationson object-orientedanguage$10].

Furthermorebecausexisting objectencodingsareintendedas
theoreticamodelsratherthanasintermediateepresentationshey
oftenusenon-trivial coercionsn orderto simplify thetypesystem.
For example,PierceandTurner[29] modelinheritanceusinga pair
of functionsfor coercingoetweerthesuperclasandsubclassiews
of an object. For the purposeof compilation,the costof calling
anunknavn functionto obtaina differentview of anobjectis un-
acceptableFor Jasain particular thesecoercionswvould typically
be identity functions. In the presencef separateeompilation,we
could not expectoptimizationsto be ableto replacethesegeneral
coercionswith moreefficient operations.

Finally, the implicit subtypingtypically usedin theseencod-
ings canmale themrathercomple, in somecasesenderingtype
checkingundecidableWWe wantamoreconserative extensionJess
powerful than,say F¥ [9], but ableto supportfasttype-checking,
anexplicit classhierarchyandefficientimplementation.

Our main contritution is a formal translationof Java classes,
interfaces andprivagy into a variantof F“ usingsimpleandwell-
known extensions. Although we useseveral familiar techniques,
their combinationto supportthe efficient compilationof aninter-
estingsubsebf Javais novel.

We userow polymorphism[31] to implementJava inheritance

andto allow objectsof subclasseto masqueradassuperclasses.

We use existential types with dot notation [8] to model Java’s
namedtypesandto presere the classandinterfacehierarchy In

addition,we informally describehow to extendour framework to

supportother interestingfeaturesof Jasza suchas dynamiccasts,
checled exceptionsandmutuallyrecursve declarations.

Althoughourintermediatéanguagecontaingull typeinforma-
tion, theimplementatiorof objectcreationmethodinvocation,and
field selectionareall quite efficient. This is becausehe coercions
usedto implementinheritanceand superclassubsumptiorall re-
duceto no-opsunderatype-erasurelynamicsemanticsAlthough
our approachto implementinginterfacesappearso be uncorven-
tional (castingan objectto interfacetype requiresa simple coer
cion), it allows interfacemethodinvocationsto have the samecost
asordinary methodinvocations.From our experiencewith imple-
mentingfunctionallanguageswe believe the costof the coercion
canbe paid for by the fastmethodaccesse# enables.Sinceall
theseoperationsareimplementedn termsof standardype appli-
cation,recordselection andfunction application,they aresubject
to standardoptimizations. Furthermore the interactionof these
featureswith other(non-J&a) F“ codecanbewell understood.

The remainderof this paperformulatesthe sourceand target
languageqSections2 and 3), illustratesthe object layout (Sec-
tion 4), explainsthetranslationalgorithm(Section5), discussethe
possibleextensiongSection6), andthencloseswith relatedwork
(Section7) andconclusiongSection8).

2 The Source Language

ThesourcelanguageJavacitois a smallcalculusrepresenting re-
strictedsubsebdf Java. It containgheessencef Java classesinter-
facesandacceszontrol,with several simplificationsthatpermita
conciseformal semanticanda comprehensibléranslation.

The programin Figure 1 containsthreeclassesandoneinter
facethatdemonstratesomeinterestingfeaturesof Javacita Class
SPtoverridesmethodmave, andinheritsmethodsbump andmax.
The keyword super is usedto invoke a statically bound method
from the superclasgcf. Figure 1, line 10). Methodsare selected

1 classPt{

2 privateint x =0;

s public Ptmax(Ptothe) { (this.x > otherx)?this : other}

4 public void move(int dx) { this.x =this.x +dx; }

s public void bump() { this.move(1); }

6
}

7 interface Zm {public void zoom(int s);}

s classSPtextPtimp Zm {

9 privateint scale =1;

10 public void move(int dx) { supermove (this.scalex dx); }
1 public void zoom(int s) { this.scale=this.scalexs; }

!

13 classMain {

14 private Ptp =newPt

15 private SPtsp =newSPt

16 public void zoom2(Zm z) { zzoom(2); }

public void main() {

18 this.p.oump();

19 this.zoom2((Zm) this.sp);

20 this.spbump();

z  this.zoom2((zm) (SP) //cf. Section6
22 this.p.max((PY) this.sp)); }

2 }

22 (newMain).main();

[
g

Figurel: SampleJa/acito program.

p = decl exp exp == val
decl ::= interface: ext¢* | {exp(;exp)”}
{(msig;)*} | newc
| classcextc’ impi* | (ty)exp
{field" meth } | exp.m (exp®)
field ::= privatety f =exp; | ¢-val>superm (exp*)
msig = public ty m ((ty z)*) | coexp.f
meth ::= msig exp | coexp.f=exp
ty == 1i|c val &= z

¢ € InterfaceNames
¢ € ClassNames {Object
z € VarNamesJ {this}

f € FieldNames
m € MethNames

Figure2: Syntaxof Jasacita Underlinesindicateannotationge-
quiredby the contextual operationabemantics.

basednthedynamicclassof therecever. Whenthebumpmethod
is invoked on an objectof classSPt it is delegatedto the bump
methodin classPt (line 5), which theninvokesthe move methodin
classSPt(line 10).

Classe$ave privatemutablefieldsandpublicmethods A class
namemay appearecursvely in thetypesof its fieldsandmethods
(line 3). A methodin classPt canaccesghe private fields of ar
gumentswhich staticallyhave the sameclasstype. Objectscanbe
passedo methodsxpectingargumentof a superclasgline 22) or
interfacetype (line 19).

We alsosupportseveral featuresnot demonstrateddy this sam-
ple program.An interfacemay extendseveral otherinterfacesand
a classmay implementseveral interfaces. A classmay containa
field which is an instanceof the classitself (discussedurtherin
Section5.1.1),andnew instancef a classmay be creatednside
its own methodsandfield initializers.

Java featureswe do not supportin Javacito includenull refer



Environmentsyntax:

Typesignature

T = ty|ty,...ty, >ty
Hierarchy

Hou= 0| HY{i— [F]}HW{c— ("]}
Membertypeernvironment

£ == 0] £w ity ([(£,9)"], [(m, T)" 1)}
Membercodeervironment

R u= 0| R {c ({(f,e0)}, {(m, (@1...2.) )" 1)}

Fu
Fu H i ¢ dom(H)
Vj e {171} (ij =iy =] Zj’ andH k¢ ij)
Py HW{i— [i1,...,i]}
|_H H c g dOl’T‘(/H) H c
Vj e {171} (ij = ijl =] = j’ andH k¢ ij)
|_H HY {C — (C’, [il, c. ,Zn])}

Fe

Hieé ty € dom(¥)
V] € {1”} H }_t tyj Vj € {ln} fj = fj’ =>] = j’
Vk € {1.p}. H Ty Vk € {l.p}. mp = mp = k = K
Vk € {L.p}. V. (ty <z ty and(mn, T")Enety) —> Ty = T'

H e EW{ty = ([(fi, ty; )71, [{m, Ti) e 1-2I]) }

Figure3: Environmentformation.

ences,public fields, private methods,static members protected
packagescope,final, constructorsfinalizers, mutually recursve
classesgexceptions reflection,and concurreng. As discussedn-
formally in Section6, mary of thesefeaturesaresimpleextensions
of theframework. Althougha dynamiccastappearsn theexample
(line 21), we alsotreatthis featureasan extension.

We useintegers,arithmeticoperationsgonditionalexpressions,
andvoid in theexamplewithoutdefiningthemformally. We do not
distinguishbetweenstatementaindexpressionsrather we usean
ML-lik e sequencexpressiorwith syntax{ exp(; exp)* }. Thelast
expressionin this sequencés implicitly returned.

Finally, we assumeseveral transformationhave beenmadeto
the Java codein a pre-processinghase.For instanceall implicit
referencedo this are madeexplicit. Overloadedmethodrefer
encesare resohed statically by including agumenttypesas part
of the methodname. Instancevariableshadaing is not anissue
in thisrestrictedanguageébecausell fieldsareprivate,sosuperis
only neededor invoking methodsn the superclassimplicit sub-
sumptionis madeexplicit by insertingsequencesf upward casts.
Similar transformationsare definedformally in several papersby
DrossopoulowandEisenbach11, 12].

The syntaxof Javacito is given in Figure 2. The underlined
termsin Figure 2 are annotationgequiredby our operationalse-
mantics.In all terms,the prefix ¢ indicatesthatthetermis stati-
cally enclosedn the declaratiorof classc. In the superterm,the
additionalval in the annotatiorholdsthe value of this. Thesean-
notationsarerequiredby the contextual operationakemanticsas
explainedbelow.

2.1 Static semantics

Figures 3 and 4 contain the syntax of static ervironments,
rulesfor ervironmentformation, and definitionsof ervironment-
summarizingrelations. A hierarchy? is an ervironmentwhich
mapsclassor interfacenamego theirimmediatesuperclasseand

Hierarchyrelations:
c=5 cd ed=m(H(c))
Classis declaredasanimmediatesubclass
i<y i e eH@)
Interfaceis declarecasanimmediatesubinterfice
c =5 i eiem(H))
Classdeclaresmplementatiorof aninterface
Derivedhierarchyrelations:
<u = =<5 U<y U= Typeis animmediatesubtype
<% reflexive transitie closureof <§,: Classis asubclass
<% reflexive transitive closureof <Y,
Interfaceis a subinterice
c L5 i 3 i ste <G ¢ andd’ <5, i andi’ <y i
Classimplementsaaninterface
< =< U UL

Typeis asubtype

Membershiprelations:
(f,X)€éc & (f,X) em(E(c)):  Fieldisdeclaredn class
(m, X)€ety & (m, X) € m2(E(ty)) : Methodis declaredn type

Derivedmembershigelations:

(f, X)€% cc & (f,X)esd andc <5,
Fieldis containedn class

(m, X)€5ec & (m, X)€ec' and
¢ =min{c" |c <5 ¢’ and(m, Y€}
Methodis containedn class

(m, X)€Yyet & (m, X)Egi andi <Yy, '
Methodis containedn interface

Ene = €5,¢ U €% Memberis containedn type

Figure4: Ervironmentrelations.

superinterdces.The hierarchyformationjudgmentt- guarantees
that a new type is addedto the hierarchyat mostonce,and that
all supertypesre alreadydefinedand mentionedonly once. The
membertype ervironmentE mapstypesto lists of field andmeth-
ods names pairedwith the respectie types. The formationrule
ensureshatthenamesareunique thetypesarevalid, andthatover
riding amethodpreseresits type! Themembercodeervironment
‘R mapsclassnamedo asetof field initializersandmethodbodies.
This ernvironmentis createdduringelaborationfor useatruntime.

We usea setof hierarchyand membershipelationssimilar to
thoseusedto describeCLASSICIAVA [17], exceptthatoursare
definedin termsof ervironmentsH and £ ratherthan on com-
plete programs.The membershipelationsapply to both type and
code ervironments. Note that for methodscontainedin classc
({m, X)€S,cc), the auxiliary datum X is drawvn from the neaest
superclassf ¢ thatdeclareshe methodm. Whena codeerviron-
mentR is usedin placeof £, this hasthe effect of selectingthe
appropriatanethodbody by usingtheinheritancehierarchy

Figure 5 containsthe typing judgmentscomprisingthe static
semanticof Ja/acita Declarationsare processedne at a time;
they mayberecursve, but notmutuallyrecursve. All declarations
extendthehierarchyH andthemembeitypeervironment€. Class
declarationssoextendthemembercodeenvironmentR, whichis
usedto retrieve codeatruntime.Unlikein CLASSICJAVA, thereare
norulesfor subsumptioninsteadwe requireexplicit upwardcasts.
Castsare only legal from sometype to its immediatesupertype
(exp-cast). Privagy is enforcedn (exp-get) and (exp-set), therules
for field access.A field f canonly be accessedrom within the
classc thatdeclarest. Theobjectfrom which f is selectednaybe

Rulesfor correctnes®f empty ervironmentsare omitted. Our notationfor lists
andlist comprehensionis theusual,but we abusesetmembershimotationon lists.



Fp Fd
(prog-decl) (decl-iface)
H; E;R g decl=> H; E, R H =HW{i [ir,...in]} b #H
H'; € R’ Fp dech ... decl, exp: ty= H"; R" £ =W {im ([],MT(msig,)* ")} H ke &
H; €; R Fp decldech . .. decl, exp: ty = H"; R" H; E; R by interfacei extiy ... in{msig,;...msig,,;} = H;E; R
(prog-exp) (decl-class)
H; E; O; Objectt¢ exp: ty H :/H W{cr (,[31...1n])}
Fy M
H;ERbpexpity=H; R H ]
Ft &=EW{cm ([ Fres ty) ™), [MT (msig) 0 71)) )
(909 e R SR e ([(fs, 00 [k € (L))
- : R =Ru{c— exp,) |k € {1.m
. Vje{1.. .H bty ks k 3
ty € dom(#) U {Object HJH t{y n} Y {MR(msig, exg) |1 € {1..p}})}
H bty Hrty, . Sty Vj € {L.n}. if (m',T'Ye},¢i; then(m', T'Ye5,cc
Fm t1ee-n Vk € {1.m}. H'; E';0;c e exp, : ty,
(meth-body) VI € {1..p}. H';E'; c Fm msig, exp,
H; E;{this 1 c,z1 : ty;, ...,z 1 ty, };cle eXp: ty . ({:Itass;extc’impit...}n .
£ i EREg AL fi=exXpy . Yy, fm =X, = W ELR
H; E5cbm ty m(ty, z1,...,ty, o) exp msig, exp, . msig, eXp,
Fe
(exp-var) (exp-cast) (exp-new) (exp-body)
z € dom(T") H; ETiclheexp:ty  ty <uty HbEtc Vj€{l.n}. H;E;T5clhe exp; i ty;
550 _Fex: D(x) H; E;T;cle (ty)exp: ty H; 5 -Fenewc: ¢ H;E;Tscke {exp;...;exp, }: ty,
(exp-call) (exp-get) (exp-set)
H;E;Tickeexp:ty (m,(ty,...ty, = ty))Enety H; E;T;che exp: ty H; E;Tsclhe exp, - ty ty <5, ¢
Vj € {L.n}. H; E;T;c ke exp; : ty; ty <fic  (fty)€ge H;ETicheexpy ity (fty)Ecc

H; E;T;c ke expm (exp, ...exp,) : ty

(exp-super)

c=5c (m,(ty,...ty, > ty)yEnec
Vj e {l.n}. H;E;Tiche exp; : ty;

H; E;T;c ke c - thisbsuperm (exp, ... exp,) : ty

H;

E;T;clhe coexpf : ty H;E;Tsc ke coexp,.f=exp, : ty

Utility functions:
MT(ty m(ty, z1,...,1y, za))
MR(ty m(ty; 1,...,ty, T»)exp)

(m, (ty; - .. ty, = ty))
{(m, (z1...2,) eXp)

Figure5: Staticsemanticof Javacita

asubclas®f ¢, however.

Proposition 1 (Decidability) Fp is decidable

2.2 Operational semantics

Figure 6 containsthe contextual small-stepoperationalsemantics
of Javacita We introducetwo newv terms: object expressions
{¢,[(f — exp)*]) andlocationsloc. The runtime storeS maps
eachlocationto anobjectvalue,which consistof aclasstaganda
collection.F of field-valuebindings.

An evaluationcontet E is an expressionwith a hole, which
encodeghe searchfor thenext redex. { E. .. } indicatesthatthe
first expressiorof asequencés alwaystheredex. An argumentlist
of theform (valy,...,val,, E,...) meansthatall expressiongo
theleft of theredex mustbevalues.The stateof thecomputatioris
characterizedompletelyby atermpairedwith a store.The primi-
tive reductionrelation— is definedbetweerthesestatesgiventhe
classhierarchy?# andthe code’R. We do not neederror states;
since Javacito doesnot have null reference®r dynamiccasts,no
runtimeerrorscanoccur Ratherevaluationgetsstud if oneof the
sideconditionsof a reductionis not met.

An object expressionis usedto represenpartially initialized
objectsduringthereductionof newe. Onceall thefield expressions
arereducedo values,we allocatea new locationin which to store
theobjectliteral.

Notehow theannotationgreusedn definingreductionsin (r-
super), weretrievethemethodm from ¢’, theimmediatesuperclass
of the classc which containsthe super call. Theloc annotatiorin
(r-super) is the locationof this. In therules (r-get) and (r-set) for
field accesstheclassannotationis usedto enforceprivagy; f must
bedeclaredn the classwhich containsthefield acces®xpression.

Eventhoughan upward casthasno effect at runtime, the side
conditionof (r-cast) ensureghatevaluationwill getstuckif acast
is somehwr appliedto anobjectof inappropriatetype.

Javacito is sound,meaningthat a programwhich passeghe
statictype checkingwill not get stuckat runtime. Thanksto the
strongside conditionson (r-get) and (r-set), this alsomeansthat
privagy will notbeviolatedatruntime. To formally stateandprove
soundnessve use standardtechniguesand extend the typing re-
lation to a relation?H; R . (exp,S) : ty on runtime configura-
tions(seee.g.[13]), which allows usto prove thesubjectreduction
andprogressproperties Detailscanbefoundin theaccompaying
technicalreport[23.

3 The Target Language

The target languageM INIFLINT is a call-by-value variant of the
omega-ordemolymorphiclambdacalculus(F*“) [18, 33]. We ex-
tend F“ with standardconstructdor recursve typesof basekind
(with explicit fold and unfold), existential typeswith dot nota-



Syntacticextensions:

Objectexpressionexp :
Locationvalue val ::

o e [(f = exp)*])

| loc

Fieldmap F ::
Runtimestore S ::

0| Fu[f— val
0| Sw{loc {c, F)}

Evaluationcontexts:

E:=e|{E...}|(tE
| (e, [f»—>vaI1,...,fn—>vaIn,f»—>E,...])
| Em(...)]|valm(val,...,val,, E,...)
| ¢- valpsuperm(val ,vah,, E,...)
| cbE.f|cbE.f= exp|c|>valf E

Primitive reductions:

(rnew) H; R+ (E[newc],S) < {E[{c, F)],S)
whereF = [f — exp| (f, exp)€§ =]

(ralloc) H; R+ (E[(c, [f; — val/ ' ™} )], S)
< (E[loc], S[loc — (¢, [f; — val;7€t1-m)])
whereloc ¢ dom(S)
(-body) H; R+ (E[{val, exp,; ...; exp, }],S)
= (E[{exp;; ...; &xp, }],S)
(r-return) H; R+ (E[{val}],S) — (E[val],S)
(rcal) H; R+ (E[loc.m (val; ... val,)], S)
— (E[explloc/this,val; /z: ...val,/z,]],S)
whereS(loc) = (¢, -)
and(m, (21 ...2,) XpP)ESRC
(r-super) H; R F (E[c-locpsuperm (val; ...val,)],S)
— (E[explloc/this,val /1 . .. val, /z,]], S)
wherec <5, ¢
and(m, (1. ..z,) XP)ESRC
(r-get) H; R F (E[cploc.f],S) — (E[vall,S)
whereS(loc) = (¢, F) andF(f) = val
and{f, Y€%candcd <§, ¢
(r-set) H; R F (E[eploc.f =vall, S)
— (E[val], S[loc ~ {c, F')])
whereS(loc) = (¢, F) and¢’ <§, ¢
andF’ = F[f ~ val and(f, )€%c
(r-cast) H; R + (E[(ty)loc],S) < (E[loc], S)
whereS (loc) = {c, -) andc <y ty

Figure6: Operationabemanticef Jazacita

tion [8], tupleswith row polymorphism,anda store. The syntax
is givenin Figure7, andthe staticsemanticsn Figure8. Notice
thatwe only list the formationrulesfor environments,types,and
terms;thetypereductionandequialencerulesareomitted.

Following Rémy[31] we introducea kind of rows R*, where
L is the setof labelsbannedrom therow. Abs” is the emptyrow
missingL, andl : 7; 7’ constructsarow from theelement of type
T andtherow 7’. TherecordconstructoH - } lifts acompleterow
type (with nolabelsmissing)to kind €.

Considetthefollowing example,a functionwhich fetchesfield
1 from arecord,regardlesof whatotherfieldsarepresent:

let fst = A¢::RUY . Az : {1 : Int; £} (2.0)
in fst [Abs{!?] {1 =5} +fst [m: Int; Abs'""™] {1=6,m =T}

We saythe functionfst is polymorphicin thetail of its agument.

k= Q|R" |k — K
T u= Refr|7—>7
| t)z.Typ | Vius.7 | kot | pt.7 | Mk |7 7
| Abs™ |1:7;7" | {7}
e u= refe|le|e:=¢
| z | dx:T.e|ex|letz=¢e"ine
| foldeas | unfolde
| At:k.e|e[r]]| {tun=T,e:7") | z.val
| {(l=¢e)"}]|e.l
t € TypeVrs «z € Vars [ € Labels L € P(Labely
Derivedforms:
LU SHARN PR % 5 = {715 Uy 1 Tnj Abstitint y
12 {Abs"}
ee' Bletz=cinlets =¢ inz 2,
wherez is notfreein ¢’
Figure7: Syntaxof MINIFLINT.
Types
FAenv A(z) =3Ftuk.7 F Aenv
Abz.Typ = K AF Abs” :: R”
Abr:Q Ar7 o RMVEG Arr = R
Avrl:ir;r o RE-1U AFA{r} = Q
Terms
Ajz:TFe: 7 AF7T:Q Abre: {liim. lnitai 7'}
ArFdz:Te: 1T o7 Atlel,

Vie{l.n}. Ate; @ 75
AF{li=ei,..ln=en} : {li:1:..ln 0}
Abe: [ut. T/t] Ab7r uk Abe: 7[r'/[t]
Arfoldeaspt.7 : pt.7 AbF{tnw=71',e:7): IHuk.T
Ale: pt.7 FAenv A(z)=3Ftuk.T
Al unfolde : 7[ut. 7/t] Al zwval = 7[z.Typ/t]

Figure8: Staticsemantic®f MINIFLINT—
lesscommonrules.

Sincetheseareorderedrecordsthe useof labelshereis strictly for

clarity of presentationln animplementation couldbeaninteger
indicatingthe offsetof therow from thebeginning of theenclosing
record.Note alsothatrecordtermsarejust non-extensibletuples.

An existentialtype Jt::x. 7 is the type of a pair containinga
hiddentype 7’ of kind x anda term of type 7[’ /t]. We usedot
notation[8] to accesghe type (z.Typ) andterm (z.val) compo-
nentsof a packager. Althoughthisis a form of dependentype,
the calculusremainsdecidablebecausave restrictthe -. Typ oper
ationto termvariablesz. We provide alet constructto bind term
variablesandlimit their scope.Abstracttypesz.Typ andz’.Typ
areequialentif andonly if 2 andz’ areboundby the samelet.
The agumentof an applicationmustbe a variableso that we can
trackthis equivalencethroughfunctionapplications.Variablesare
preventedfrom escapingthe scopeof A-abstractions\z: 7. e by
banningfreeoccurrencesf z in thetypeof e.

Proposition 2 (Decidability) The MINIFLINT typing relation
At e : Tisdecidable

We omit the dynamicsemanticof MINIFLINT, which defines
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Figure9: Objectlayout. (a) and(b) areinstance®f classe$tand
SPt respectiely. (c) is aview of (b) throughthe Zm interface.

locations,storesS, valuesv, anda reductionrelation— between
term-storepairs. Sinceruntimebehaior doesnotdependntypes,
we canuseatype-erasureemanticsthisimpliesthatfold, unfold,
type application,packagecreation,and packageprojectionareall
no-opsat runtime. However for proving type soundnesand cor
rectnesof the translationof Javacito to MINIFLINT we definea
reductionsemanticon typedterms. The readeris referredto the
accompaning technicalreportfor details.

4 Object Layout

We startby examiningthe objectlayoutusedin our encoding.Fig-
ure 9 depictsthe runtimerepresentationf two Java classobjects
andaninterfaceobject. The classesaandinterfacesaretaken from
theexamplein Figurel.

An objectis arecordcontaininga virtual table (vtable andthe
private fields. The vtableis a perclassdatastructurecontaining
pointersto the methodsdefinedin the classor inheritedfrom the
superclass.

The objectmarked (a) is aninstanceof the Pt class which has
onefield andthreemethods.The objectmarked (b) is aninstance
of the subclassSPt which extendsPt with a scalefield andazoom
method. SPtoverridesthe mave method;the othersareinherited
from the superclas®y simply pointingto the samecode.Notethat
both the objectrecordand the vtable of (a) are prefixes of those
in (b). This propertyallows superclassnethodsto accesobjects
createdby subclassewithoutary coercions.

In additionto its four methodsthevtablefor classSPtcontains
apointerto aninterfacetable (itable). An itableis merelyarear
rangemenof someof themethodsn thevtableto correspondo an
interfacewhich the classimplements.Given an objectof interface
type,we know nothingaboutthe shapeof its vtable. Thus,we use
the itable to give a consistenview of the methodsin a particular
interface,independentf theunderlyingvtable.

Therearevariouswaysof locatingmethodsn interfaceobjects.
Onetechniquepsedin the Tobaahead-of-timeompiler[30], is to
constructa perclassdictionarythatmapsmethodnamedo offsets
in the vtable. Anotheridea, implementedn the CACAO 64-bit
JIT compiler[22] and describednformally elsavhere[26], is to
constructanitablefor eachinterfacewe implementandstorethem
all somavherein the vtable. Although [22] is not clearon how to
usetheitable,thereappearto be two choices.First, we cansearch
for theappropriatétablein thevtable,whichamountgo dictionary

lookup on interfacenamesratherthanon methodnames.Second,
when castingan objectfrom classtype to interfacetype, we can
selectthe itable andthenpair it with the objectitself. This avoids
namelookup entirely but requiresminor coercionsvhencastingto

andbetweeninterfacetypes. The objectmarked (c) in Figure9 is

theresultof castingan SPtobject(b) to the Zm interface.

In our encoding, we use coercionsto achieve fixed-ofset
methodselectionregardlessvhetherwe areusinga classor inter
faceobject. From our intuition andexperiencewith implementing
functionallanguageswe believe the costof the coercionwill be
paid for by the fastmethodaccesse# enables. Anotherreason
to usethe coercionin a typedimplementationis that the dictio-
nary lookup (and cachingthe resultsfor quicker accesdater) is
extremelydifficult to prove type-safe.

5 Translation

Themainresultof this paperis a type-preservingranslationalgo-
rithm that compilesa well-typed Javacito programinto a term of
thetargetlanguageM INIFLINT. In this sectionwe first informally
describeour algorithm, using specificexamplesand a setof type
andtermmacros(seeFigures10and11). We thengive theformal
algorithm(seeFigure12) andshaw thatit is bothtype-correciand
sound.

Eachclassdeclarationis separatelyranslatednto alet-bound
existential package.A skeletonof this packagefor a classc fol-
lows:

let z. = (town:: 2= ,
{dict = At pFigs-Atsubviab-{ 1,
init=X_:1.{[513] },

new=A\_:1.
}: 1257

in...

Missingcomponentsn the packagéhave beenreplacedvith boxes
indicatingthe subsectiondelon which containfurtherdetail.

The packages boundto z., a variableobtaineddirectly from
the classnamec. Formally, z. is amapfrom ClassNameto Vars.
In exampleswe distinguishthetwo domainsusingdifferentfonts;
thepackagdor classPtis boundto thevariablePt.

Thetypecomponen({town) Of the packagecontainsthe type of
theprivatefieldsdeclaredn classc. Outsidethe packagethistype
canbeselectedisingdot notation(z.. Typ) butit remainsabstract.
Thevaluepartof the packagds a recordcontainingan extensible
dictionary (dict), a field initializer (init), anda constructor(new).
We saydict is extensiblebecausét is parameterizethy row types
for additionalfieldsandmethods.To producea vtablefrom anex-
tensibledictionary we instantiatetheserow typesto empty Sub-
classewill instantiatehemaccordingto their own new fieldsand
methods.

In Section5.1, we describethe encodingof privatefields and
field initialization. Section5.2 coversthetyping issuedor vtables
andobjects. Termsfor methodinvocation,super, new, andcasts
aregivenin Section5.3. Inheritanceandinterfacesarehandledn
sectionss.4and5.5, respectrely. Finally, Section5.6 makessome
formal claimsaboutthetranslation.

5.1 Fields and privacy
5.1.1 Own fields

Let the fields declaredin classc be representedy a record of
ML-style polymorphicref cells called OwnFlds[c]. For example,



OwnFlds[P{ = {x: Ref Int}. Usingamoreefficientflat mutable
recardpresentsno problems,but for simplicity we preferto pre-
sene the orthogonalityof featuresn MINIFLINT.

A tricky issuein defining OwnFlds[c] is thatthe classc may
containa field of type ¢, whoseprivatesare also visible to code
within classc. Imaginea classList which hasfields ‘int data
and‘List next’. Within classList, it is legal to accessot only
‘this.next’ but also ‘this.next.next’ and ‘this.next.next.next’, and
soon, adinfinitum.

This impliesthat, in the generalcase, OwnFlds[c] mustbe a
recursve type:

OwnFlds[c] = ptown. OwnFldsGen|c] (ObjGen]c] town)

where ObjGen|[c] (seeSection5.2.2)is the type of a classobject
parameterizethy the type of its privatefields. (All type operators
usedin the translationare listed in Figure10.) OQuwnFldsGen|c]
takes an agumentty,i,, createsa recordcontainingref cells for
eachfield declaredn ¢, andmalesary fields of type ¢ have type
twin iNstead.For the classList mentionedabove,

OwnFldsGen|List] = Atywin. {data: Ref Int; next : Ref i}
Substitutingthis into Own Flds [List], we have:

OwnFlds|[List] = ptown. {data: Ref Int;
next : Ref (ObjGen/[List] town)}

As required the privatefields of List includea next field which,in
turn,is anobjectwhoseprivatefieldsincludea next field, etc.

5.1.2 All fields

An objectcontainsotonly thefieldsof its own class but thefields
of all its superclasseaswell. Field visibility, howvever, is basedn
the classin which thefieldsweredeclared.Fieldsfrom eachclass
canbehiddenor revealedindependentlyThis impliesthatwe need
to segregatethefields by the classin whichthey weredeclared.

Let AliFldsGeny [c] producethetype of the segregatedrecord
containingall fieldsin anobjectof classc. In theexample,

AllFldsGenf [Pt] = Atown. {Pt H town}
AllFldsGens [SP] = Atown. {Pt: Pt.Typ; SPt:town}

wherePt. Typ is theabstractypeof privatefieldsin Pt ¢own Canbe
instantiatedo OwnFlds[c] for useinsidethe classc, or to z.. Typ
outside wherez. is boundto the packagemplementingclasse.

We userow polymorphismto extend superclasdield record
typesin subclassesWe additionally parameterize¢he abore op-
eratorsby tg,brids, @ row of field recordsdefinedby potentialsub-
classes.Now we candefinethe SPtfields usingthe Pt fields di-
rectly:

AllFldsGen [Pt] = Aown- )\tsubFIds- {Pt:town:; tsubFIds}
AllFldsGen [SPI = AtOWn. )‘tsubFIds-
AllFldsGen[Pt] Pt.Typ (SPt *town:; tsubFIds)

In the generalcase the segregatedrecordtype is producedusing
two mutuallyrecursve operatorgseeFigure10).

5.1.3 Field initialization

As a part of the codefor classc we definea function init which
createsrecordof ref cells,eachinitializedwith thetranslatedield
initializer expression.Every classz. exportsinit asa function of
typel — z..Typ. Forthe Ptclassin our example,Pt.val.init is

UnpackObj [c] (town, 0 ObjGen[c] town, ®) =

let z=unfoldo inlet 2’ =z.val in e
PackObj[c]

(town, tsubFids, tsubviabs Selfz SelfGenc] town tsubFids tsubviab)

fold (tsubFids = tsubFids»
{tsubviab = tsubviabs
self : SelfGen|c] town tsubFids tsubvtab)
: Fsubviab- SelfGen(c] town tsubFids tsubviab)
as 0bjGen|c] town
Unpack View[i] (0 : ExtView[i], o) = let z =unfold 0 in e
PackView[i] (tcobjs 0t teob), it : Extltab[i] teop;) =
fold (tcobj Q= tcobj'
{cobj = o, itab =1t}
: ViewTmpl[i] (x;.Typ) ExtView[i] teop;)
as ExtView|i]

GetFields[c] (o: ObjGen[c] OwnFlds|c]) =
UnpackObj|[c]
(OwnFlds[c], o, unfold (unfold (z'.val).fields.l.))
Callc] (town, 0 ObjGen]c] town, m) =
UnpackObj[c] (town, o, unfold (z'.val).vtab.l,, (z'.val))
Call[7] (-, i0o: ExtView[i],m) =
UnpackView|i] (io0, z.val.itab.l,, (z.val.cobj))
Castc, c'] (town, town 01 ObjGenlc] town) =
UnpackObj [c] (town, 0,
PaCkObJ [cl] (t:)wnv (lc ttown; x.TyP),
NewPublic[c] ExtObj|c] '.Typ, z'.val))
if ¢ = Super|c]
Cast[c, 7] (town, -, 0: ObjGen]c] town) =
UnpackObj[c] (town, 0,
PackView[i] (SelfGen|[c] town z.Typ z'.Typ, z’.val,
unfold (z'.val).vtab.l;))
Cast[i, '] (, _, i0: ExtView[i]) =
UnpackView|i] (%o,
PackView[i'] (z.Typ, z.val.cobj, z.val.itab.l;/))
Prologc] (tsubFids; tsubviab, (€;:7;)", @) =
Aself: SelfGen[c] OwnFlds|c] tsubFids tsubViabs (AZ; = 75.)"
let this= PackObj[c] (OwnFlds[c], tsubFids, tsubViabs Self)
ine
CDecl|c] (classBody : ClassGen|c] OwnFlds|[c], 8) =
let . = (town = OwnFlds|c],classBody : ClassGen|c] town)
ine
IDecl[i] (o) =
let 2; = (fstamp = Abs Zebebsli],
Atcopy- Ait : TtabGenld] AbgMLabels[i] teobj- 7t
: Vtconj- TtabGenl[i] AbsMEebelslil ¢\
— TtabGenli] tstamp tcobj)
ine

Figurell: Termmacrosusedin thetranslation.




By corvention,thetypevariablesusedin thetranslationhave thefollowing kindsandintendedmeaning
(in the context of atemplatewith parametet or 2):

teelf 12 2 —typeof recever objectitself tiwin 1 —typeof anagument/resulof recever’s class

town 1 —typeof privatefieldsof object  te,pFigs :: R CLabel [e] —typeof row of field recordsof asubclas®f ¢
tsubViab = 2 — RMEabels[c] —typeof row of new methods/intedcesof a subclas®f ¢, parameterizetly type of self

teobj i Q2 —typeof objectin aninterfaceview tstamp :: RMLabelsli] - _ tyneof interfaces “hiddenmethods”

GivenervironmentsH and&,
Super[c] =c st.c<¢¢
SCLabels[c] = {l. |c <5, ¢}
MLabels[c] = {lm | {m, Yenec} U{li|c <5 i}
MLabels[i] = {lm | (m, Yenei} U {ly|i <% '}
NewPublic[c] = Aywin- Msubviab- Abself- (L t Bxtltab[i] tseisi )  (Im ttseir = [Tle tiwini )™ (Esubviab tself))
wherei « w2 (H(c)), {m,T) < m(E(c))

ObjTmpllc] = Mown- Atpwin- AtsubFids- Atsubviab- Mtseir- {vtab : VtabGen[c] tuwin tsubviab tselfs
fields:AllFldsGen[c] town tsubFIds}
ObjGenlc] = Mown. fitwin- HtsubFids: Fsubviab: ObFTmpl[c] town towin tsubFids tsubViab
EztObj[c] = ObjGen]c] (z.-Typ)
SelfGen[c] = Mown- MsubFids- Mtsubviab- ObjTmpl[c] town (ObjGen|c] town) tsubFids tsubviab

OunFldsGen[c] = Mwin- {(If : Ref ([T]c tiwin))*}
where(f, T) < w1(E(c))
OwnFlds[c] = ptown. OunFldsGen|c] (ObjGen|c] town)
AllFldsGen[c] = Atown- AtsubFids- AllFIds[Super[c]] (L :town; tsubFids)
AllFlds[c] = MsybFids- AllFldsGen[c] (2c-Typ) tsubFids

VtabGen[c] = Atiwin- MsubViab- Atseif- Bzt Viab[Super[c]] (NewPublic[c] tiwin tsubViab) tself
EztVtab[c] = Atsubviab- Mtseif- VEabGen|c] ExtObj[c] tsubviab tself
andEzt Vtab [Object = Mtsubviab- Mtself- {tsubviab tseir}
DictGen[c] = Atown- AtsybFids- AsubViab-
VtabGen[c] (ObjGen[c] town) (tseis- AbsMEbb[el) (SelfGen[c] town tsubFids tsubViab)

ClassGen[c] = Aown. {dict : VEsypFids- YEsubviab DictGen[c] town tsubFids tsubViabi

init:1 — OwnFldsGen|c] (ObjGenc] town):

new:1 — ObjGen]c] town}

TtabTmpl[i] = Mstamp. Abswin- Mcopj- {(lir : BExtltab[i'] teopjs )* (Im ttcobj = [T]i tiwini ) tstamp}
wherei’ < H(i), (m,T) + m2(£(i))
ViewTmpl[i] = Mstamp- Arwin- Mcobj- {CObj 2 teobji itab: ItabTmpl[i] tstamp tewin teobjt
ViewGen[i] = Mstamp- tiwin- Fteobj- ViewTmpl[i] tstamp tiwin teob;
ItabGen[i] = Mstamp. Atcobj. ItabTmpl[i] tstamp (ViewGen[i] tstamp) teob

EztView[i] = ViewGenl[i] (z;.Typ)
Egtltab[i] = Mcobj. ItabGenli] (zi.Typ) teob

[ty: - ty, = ity = Mewin = [ty teowin = - [, ]ty towin = [tY]ty tewin
tiwin, ifty=ty
[tylty = Atiwin::2. q ExtObjc] otherwisejf ty = ¢
EztView[i] otherwisejf ty = ¢

Figure10: Typeoperatorsisedin thetranslation.




(trans-var)
z € dom(T")
RN N ol

I(z) ~ =z

(trans-new)
H |_t C’
H;_; ;e newe : ¢
{(xc {}).new {1, if c =c
zo.val.new {3}, if ¢ #¢

(trans-get)
H; E;Tiehexp:ty ~e
ty <§c (f. tyyezc
H;E;T; ek cpexpf @ ty
~> 1 ((GetFields[c] (e)).lf)

(trans-set)
H; E;Tjechexp ity ~ e ty <5 ¢
H;E;Tichexp, 1ty ~ex  (f,ty)€ge
H; E;T ek coexp,.f =exp, : ty

~> (GetFields|[c] (e1)).ly :=e2

(trans-body)

(trans-class)

H; ;0 chexp; @ ty; ~ e

H; 5 this : ¢, ArgTypes [c](msig;); c - exp; : RsltType(msig;) ~» €]
H; &5 ¢ c
F{(ty; f; =expj:)* (msig; exp;)”}
~ Az 11 — ClassGen|[c] OwnFlds|c]. A_:1.

let dict = AtsypFigs- Afsubvtab-

let super =z .val.dict [l : OwnFlds|[c]; tsubFids)
[NewPublic[c] (ObjGen[c] OwnFlds[c]) tsubviabl

€j))"}

in let newdict =
{(lm; = Prolog|c] (tsubFids, tsubviab, ArgTypes|c](msig;),
in MkDict[c] (super, newdict)
inlet init=X_:1.{(l;, =refe;)"}
inlet new=MX_:1.
PackObj[c] (OwnFlds|c], Abs®CLabels[c]
fold {vtab dict [AbsSC’Labels [c]] [Ab MLa,bels [c]]'
fields = { (I = zor.val.init {})¢" ¢ SCLabelsle’] 3
lo =init {}}
as SelfGen[c] OwnFlds[c] tsubFids tsubvtab)
in {dict =dict, init =init, new = new}

whereArgTypes [c](ty m (ty, zx)*) = (2 : [ty,]c)”
Rslt Type(ty m (ty;, z3)) =ty

(trans-class-decl)

AbsMLabels [c]

Vj € {l.n}. H;E;T;ck exp; 1 ty; e H; 5',_}—d classc extc imp {(ty; fi= exp] )" (msig; @(p’) }=>H;E;-
H;E;Tye k- {exp;...;exp, } o ty, ~ (e15...5¢en) H; €5 ¢ c b {(,fy] Jfly ,exp] )T (m%g, expi)’} ~e
H; EFp ~>HTET,

(trans-call) H'; E'F classc extc” imp i {(ty; f; = epr )" (msig; exg;)*} p

H;ETichexpity ~e ~ H'"; E"; CDecllc] (Y, e {}, €)

(m, (ty, ... ty, = ty))Encty

Vj e {l.n}. H;E;T;ck EXp tty; e (trans-iface-decl)
H; E;T; ek expm (exp, . ty H'; &' by interfaced extiy . . .4, {msig,; ... msig,,;} = H;E; -

~ C’all[t)/](Own[c] (ty) e, m) (e;)"

(trans-cast)

H; ETsehexp:ty ~e

H; EFp~H' E e
H'; €'+ interfaces extiy . . .4, {msig,; ...
~ H"; €"; IDecl[i] (e)

msig,,;} p

ty <uty

H; E; T ek (ty)exp : ty

~» Castlty,ty] (Own[c] (ty'), Own]c] (ty),

OwnFlds[c],
zty-Typ

ifty=c

where Oun|c] (ty) = { otherwis

(trans-super)
e) c=<5 c (m, (ty; - . . ty,, — ty))Enecd
Vj € {l.n}. H;E;Tsckexp; = ty; ~ e
H; E;T; ck ¢ - thisb superm (exp, . ..exp,) : ty
e ~» UnpackObj[c] (this, super.l,, (z'.val) (e;)*)

Figurel2: Translationof Javacitoto MINIFLINT.

A_:1. {x=ref 0}. To createthe segregatedrecordcontainingthe
fieldsof eachsuperclassye simply call theinit functionsfor each
superclassSupposehefollowing codeis insidethe SPt package:

let init=MA_:1. {scale=ref 1}
n ... {Pt=Pt.al.init {}, SPt=init {}}...

Thenthe type of the recordwill be AliFidsGen[SPt] appliedto
OwnFlds[SPt] andthe emptyrow Abs”, wherethe labelsetL is
{Pt, SPt}.

5.2 Types used in the translation
5.2.1 Virtual tables

Encodingthetypeof thevtableof aclassis abit trickier thanencod-
ing thefields. We needtypesfor the self algumentandfor method
amgumentof the sameclass.Thelatteris notsimply the sametype
asexternalclassobjectsbecauseheprivatefieldsneedto beacces-
sible.

For now, wewill abstracover all of thesetypes,andshav how
to resohe themin thenext section. VtabGen [c] produceshetype
of avtablefor classc. Hereis theparameterizetypefor thevtable
of Pt

VtabGen [Pl = Mwin- Msubviab- Absels- {
max : teeif — trwin — ttwing
move : tgeif — Int — 1;
bump : teer — 1;

tsubVtab tself}

wheretyin is thetype of nonself agumentsor resultsof classPt
tsubviab 1S thetype of arow of new methodsin somesubclasf
Pt, parameterizedly ¢ s, thetype of therecever objectitself.

Thetail of the vtableis producedby applyingthets,pviab OP-
eratorto tss. Thereasoris thatnew methodsaddedby subclasses
will needto useexactly the sameself type. To achieve this, we pa-
rameterizeherow type. The parameterizetlype of the SPtvtable
cannow bedefinedusingthatof Pt (we areignoringthe Zm inter-



facefor now):

ViabGen [SP] = Atiwin- AbsubViab- Absels-
VtabGen [Pl EztObj[P{
(M- (zoom ztges — Int — 1;
tsubVtab t’self)) Lself

where EztObj[c] is the type of an externalview of an object of
classe, with all private fields hidden. It is instructve to expand
the body of this operatoy makingit independenbf the superclass
vtabletype operator:

VtabGen [SP'ﬂ = Attwin- )‘tsuthab- )\tself- {
max : tgef — ExtObj [P — EztObj[P1;
move : teef — Int — 1;
bump : tees — 1;
zoom : teeif — Int — 1;
tsubVtab tself}

In the vtable for classPt, it is clearthat the agumentof max is
specialbecausenethodsin the vtablecanaccessts privatefields.
In the vtable for classSPt however, the type of the agumentto
max becomesndistinguishablefrom that of ary other Pt object
seenfrom outside regardlessvhethenwe inherit or overridemax.

As indicatedby thetypesof functionsin thevtable,we areus-
ing curriedfunction applicationto implementmethodswith argu-
ments.Thisis only to keepthetargetcalculusassimpleaspossible.
Sincewe never do partialfunctionapplication,switchingto multi-
amgumentfunctionswould presenno problems.

5.2.2 Object types

We combinethe field andvtable operatorsn ObjTmpl[c], a pa-
rameterizedemplatefor generatingclassobject types (seeFig-
ure 10). Note the fixed point for resolvingtses; it ensureghata
methodselectedrom the vtab of anobjecto will accepto asits
self algument.

This templatemay be usedto generatesereral variations of
classobjecttypes. In orderto understandow we resole the pa-
rametersandwhichvariationsareneededwe mustbriefly examine
theextensibledictionaryfor a class:

dict = Atsybrids: Alsubviab-
{max = Aself: (SelfGen [P OwnFlds[P{ tsubFids tsubVtab)-
Xother: (ObjGen[Pl] OwnFlds[P1)....,
..}

The differencebetweenSelfGen[c] and ObjGen|c] is thattheself
type should also be extensible; this is why it takes tg,,Fiqs @nd
tsubviab asparameters.ObjGenc], on the otherhand,is an ob-
ject generatedy someunknavn class. It might have someaddi-
tional fields and methodsbut we cannotknow whatthey are. The
ObjGen|c] operatorclosesthe objecttype by existentially quanti-
fying thetwo tail variablesandtakinga fixed pointto resohe ¢y,

(seeFigurel0).

The only parameterof ObjGen|c] is town, the type of the
private fields in ¢. Inside the class$ dictionary this is instanti-
atedto OwnFlds|c] sothatthe privatefields areaccessible Out-
side the class,town is instantiatedinsteadto z..Typ. Thus,the
type of a classobjectviewed from the outsideis EztObj[c] =
ObjGen|c] (z.-Typ).

Finally, SelfGen|c] takesthetemplateandinstantiateg i, to
ObjGen]c] town, but leavesthe tails as parametersThis ensures
thatthe privatefieldsof self will matchthoseof otheragumentsof
thesameclass.

5.2.3 Name equiv alence

By usingabstractypesin thefields recordof every objecttype,we
encodethe classhierarchyand presere Java’s nameequialence.
Recallthattwo abstractypesz.Typ andz’.Typ areequialentif
andonly if z andz’ areboundby the samelet. Thus,structurally
equivalent classeawill translateto different, incompatibleobject
types.

At first, it might seemthata target-calculugprogrammercould
sabotagmameequialence. Anyoneis permittedto usex..val.init
to createrecordscontainingvalueshaving the abstracttypes of
¢ andits superclassesindeed,a programmercan createa fields
recordthatlookslike it belongsto classe, packaget with his own
devious methods,andhave it masqueradasan objectof classc.
But this is not assulversive asit seemsit is merelysubclassing!
A Javacito programmercouldhave achiered the samefeat.

5.3 Implementing the dictionar y

Sofar, we have concentratednostly on typing issues.In this and
the next section,we explore the term-level translationof method
bodiesand expressions.We startwith objectcreation,thenmove
onto methodbodies methodinvocation,andcasts.

5.3.1 Object creation
For theclassPtthe extensibledictionaryhasthis shape:

dict = AtgypFids-Atsubviab-
{max = Xself...., move = Aself....,bump=JAself....}

Thevtab componenof anobjectis adictionaryfixedto theobjects
type; we obtainit from dict by instantiatingto emptyrows. To get
anobjectof classPtwe thenpair vtab with the fields record(see
section5.1.3),andfold to fix thetype of self:

let po = fold {vtab =dict [Abs"<] [Abs’™],
fields= {Pt =init {}}}
as SelfGen[P{] OwnFlds[P{ Abs"c Abs"™

whereL. = {Pt} andL,, = {max, move, bump}.

This objectcanbe passedsthe self parameteto methodsin
the vtab, but its dynamictype is exposed—ayone can seethat
fields hasonly one component,Pt. In orderto make po’s type
indistinguishabldrom the type of objectscreatedy subclassesf
Pt, we needto hidethetails:

let p1 = fold (ts,pFias = Abs’™,
(tsubveab = Abs™™,
po : SelfGen [P town Abs™ tgypbviab)

: sybviab-SelfGen [Pl town tsubFids tsubviab)
as Ob]Gen[Pt] town

where,asusual,town is OwnFlds[P{ if this expressionis inside
the Pt classpackagepr Pt. Typ otherwise.Thefinal fold resolhes
the twin type,asin the nonself algumentof max. This agument
hasthe sameprivatefieldsaccessiblasdoesself, but its additional
fields and methodsare hiddensinceit might have a differentdy-
namictype.

This operation|n its generaform, is encapsulatedstheterm
macroPackObj[c] in Figure11l. It is usednot only for objectcre-
ationbut for variousformsof casting.lts inverseis UnpackObj [c].

To implementthe new functionin the classpackagewe need
to wrapa A\ aroundthetwo let-bindingsabove:

let new=MA_:l.letpo=...inletpi=... inp;



Now we cansimply selectand apply this function wheneer we

encaunter newPt, unlessit appearsn the body of a methodin

classPtitself. In this case thereis a circularity. The new function
refersto dict, anda componenof dict refersto new. (Similarly,

‘newPt mightappeain afield initializer expressionin whichcase
thereis acircularity betweerinit andnew.)

We resol\e this by passinga frozenclassrecordto the call-by-
valuefixedpointcombinatorY;,:

let z. = (town::Q = OwnFlds|c],
Y, [ClassGen[c] OwnFlds|c]]
(Azc:1 — ClassGen[c] OwnFlds[c].
At {dict=...,init=...,new=...})
)

in...

where ClassGen|c] is thetype of the classrecordfor classc (see
Figure10).

Using this technique,a methodinside dict can createa new
objectof classc with theexpression(z. {}).new {}. Notethatthe
fixed point is inside the package so that the private fields of the
new objectareexposed.If we appliedthefixedpointto thewhole
packagethen‘(newPt).x’ would beillegal.

5.3.2 Method bodies

As demonstrateth Section5.2.2,methodsaretranslatednto cur-
ried functionswith anexplicit self parameterself is differentfrom
otherobjects(includingtwin parametersuchasother) becauset
hasalreadybeenunpacled; it is just arecursve record. To access
afield of other, oneneedso unfold, unpackunpackagain,unfold
again,andfinally, selectthefields record.To accesa field of self,
only thelasttwo stepsarenecessary

For corvenience we translateobjectoperationge.g., method
invocation,castsfield selectionjuniformly, regardlessvhetherthe
objectis self. To supportthis, we begin eachmethodby packing
self to malke it the sameshapeasary otherobject:

let this = PackObj[c] (OwnFlds|c], tsubFids tsubviab, Self) in ...

Now selectinga field from this is the sameas selectingfrom
other. An optimizationphasecan easilyremove ary consecutie
pack/unpaclor fold/unfold expressions.

5.3.3 Method invocation (invoke virtual)

To invoke methodm onanobjecto, wejustunfold, unpackunpack
again,unfold again(all type manipulations)thenselectandapply:

let £ =unfoldo in let ' = z.val
in unfold (z'.val).vtab.l,,, (z'.val)

Theresultcanthenbeappliedto arny additionalarguments.

Sincemethodinvocationis not atomic,we mustprevent users
from selectinga methodfrom oneobjectandapplyingit to some
otherobject. This erroris preventedbecausehe tails of the fields
and vtab recordsof o are abstracttypes. In the code above,
z' .val.vtab.l,,, will have a type which includesthe abstractypes
z.Typ for the additionalfieldsin o andz’. Typ for the additional
methodsin o. Sincethe only objectwhich canhave thesetypesis
2’ .val itself, I,,, cannotbe appliedto ary otherterm.

5.3.4 Upward cast

The purposeof an upward castis to allow an objectof classc to
masqueradeas an object of its superclass¢’. Sincewe already
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keepobjectsinside nestedpackagedo hide the tails of the fields
andvtab records,we cansimply repackagen object, hiding the
componentsf fields andvtab thatarepartof ¢ but not¢’.

In thefollowing example let o have type ExtObj [SPY:

let z =unfold o
in let ' = z.val
in PackObj[P{ (Pt.Typ,
(SPt: SPt.Typ; z.Typ),
(Atself- (zoom :tges — Int — 1;

z". Typ tserf)),
z'.val)

The resultis a value with type EztObj[Pf]. We achieved this
using type manipulationsonly; the underlyingobjectrecordwas
not touched. Dynamically the entire processs a no-op. Seethe
Cast[c, ¢'] macroin Figurel1 for thegenericform.

5.4 Inheritance and super

Sinceeachclasspackageexports an extensibledictionary imple-
mentinginheritanceis straightforvard. A classc can selectthe
extensibledictionaryof its superclassandinstantiatehetailsto its
own new fieldsandmethods For example,insidethe SPt dict, we
bind super asfollows:

dict = AtgypFigs-Atsubviab-
let super = Pt.val.dict [SPt: OwnFlds[SP1; tsybFids]
[Atserr- (zoom :tseis — Int — 1;
tsubVtab tself)]

in {max =super.max,
move = Aself. . .. super.move self. . .,
bump =super.bump,
zoom = Aself....}

Inheritancds implementedsimply by selectingmethodsout of the
super dictionary (asin max andbump, for example)and placing
themin thedict of the new subclass Sourcelanguagenvocations
through super are implementedby selectinga methodfrom the
super dictionary(asin move). After the one-timetype application
to producesuper, no coercionsarenecessary

5.5 Interfaces

Recallourapproacho implementingnterfaceqseeSectiord). An

itableis anarrangemenof someof the methodsin a vtable,made
to correspondo an interfacewhich the classimplements. Given
an objectof interfacetype, we know nothing aboutthe shapeof

its vtable. Thus,we usetheitableto give a consistenview of the
methodsn theinterface,independenof theunderlyingvtable.

5.5.1 Interface types

Theitableis arecordof functions,justlike the vtable. For the Zm
interfacein our example,

ItabGen, [Zm] = Atwin- Atcobj- {z00m 1tcop; — Int — 1}

wheret,,; is thetypeof theunderlyingclassobject(to simplify the
presentationye have omittedthetstamp parametefrom ItabGen;
seesection5.5.4andfigure 10). As before,ty,i, is the type for
nonself aggumentwof interfaceZm (thereareno suchargumentsn
this particularexample).

An interface object (or view) is a pair containingsomeclass
object(cobj) andthe appropriatetable (itab):
ViewTmpl, [ZM] = Myyin- Mcob-
{cobj : tcopj; itab: ItabGens [ZM] toyin teobjt



Weresolethet,,,; parameteusinganexistentialtype. We should
be ableto selecta methodfrom theitable andpasscobj asits self
parameter We do not know (or it shouldnot matter)whatt,p;
actuallyis:

Views [ZmM] = pittwin- Fteobj- ViewTmpls [Zm] tiwin teobj

Finally, we resolhe ty,i, Usingarecursvetype.If theinterfaceZm
hadary methodswith algumentsof type Zm, they would needto
look thesamethoughthey mighthave adifferenthiddentop; type.

5.5.2 Invokeinterface

To invoke methodm on an interface object io, we bind z to
unfold o, apply z.val.itab.l,, to z.val.cobj, andapply the result
to ary additionalarguments.Note thatthis is essentiallythe same
select-and-applgperatiorthatis usedfor ordinarymethodinvoca-
tion (section5.3.3).

Here again,the abstracttype prevents usersfrom doing ary-
thing devious with eitheritab or cobj. Thefunctionz.val.itab.l,,
wantsanargumentof typez.Typ. Theonly possibleexpressiorof
thattypeis z.val.cobj.

5.5.3 Interface casts

We have notyetmentionechow to createaninterfaceobjectfrom a
classobject. As discussedn sectiond (andillustratedin Figure9),

thevtablecanactuallycontaintheitablefor all theinterfacesaclass
implements.Then, castingto aninterfacetypeis just a matterof

selectingthe appropriatdtable andpairingit with the objectitself.

For example the SPtdict would containtheitablefor Zm:

dict = AtsubFids-Atsubviab-
let super =Pt.val.dict[...][...]
in let newdict =
{move = Aself. ... super.move self .. .,
zoom = Aself....}
in {max =super.max,
move = newdict.move,
bump =super.bump,
Zm ={zoom = newdict.zoom},
zoom = newdict.zoom}

Oncethisitableis presentthefollowing codecanbeusedto coerce
an SPtobjecto to aZm interfaceobject:

let = unfold o
inlet 2’ =z.val
in fold (tcopj::Q2 = SelfGen[SP] SPt.Typ x.Typ z'.Typ,
{cobj =z’ .val,
itab=unfold (z'.val).vtab.Zm}
: ViewTmpls [Zm] Views[Zm] teop;)
as Views[Zm|

For this example,we have assumedhat this codeis containedin
someclassother than SPt If we wereinside SPt thenSPt.Typ
above would bereplacedwith OQwnFlds[SPi. Seethe Cast[c, 3]
macroin Figurell for thegenericform.

In section5.3.4,we notedthat upward castsconsistedf type
manipulationnly. In contrastcaststo andbetweeninterfacesre-
quireasimplecoercionatruntime.Thisis notsurprisingtypescan
have multiple superinterfices. A singlefixed-ofset vtablerecord
cannot,in general,meetthe needsof all possiblesuperinterdces.
Eithersimplecoercionsor someform of dynamicnamelookupare
required.
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5.5.4 Name equiv alence for interfaces

Like classtypes,interfacetypesin Javza usenameequialence.In
theformal treatmentwe translatenterfacedeclarationsnto alet-
bound packagefor the purposeof distinguishingdifferent struc-
turally equivalentinterfaces.Eachinterfacepackagehasa hidden
stamptype (z;.Typ); the type of an itable for that interfacewill
containz;. Typ asa componentThebody of the packag€z;.val)
is the identity function, but the agumenttype acceptsstructurally
equivalentdictionariesandthereturntype containghe stamptype.

This techniquesenes not only to distinguishbetweendiffer-
ent, structurallyequivalentinterfacetypes,but it also,in a sense,
preventsforgery We cannotconstructan objectthat will satisfy
interfacei unlesstheinterfacepackager; is itself accessible.

5.6 Formalization

The formal algorithmtranslatinga (well-typed) Jasacito program
p to a MINIFLINT term is presentedn Figure 12, using meta-
languagemacrosdefinedin Figure 11. Someof the macrosare
parameterizedontexts; free variablesof a term placedin the hole
may be capturedin the contet. The sequentsepresentinghe
translatiorarebasednthosedefiningthestaticsemanticef Javac-
ito (Figure 5). In the translationof a classdeclarationwe have
omitted the straightforvard but tedious definition of the macro
MkDict[c], constructinga classdictionaryout of a superclasslic-
tionarysuper, specializedo its subclas€, andarecordnewdict of
the newly definedmethodsof c. The functionof MkDict[c] is to
collectselecteccomponent®f super (inherited)or newdict (over-
riddenor new) into interfacedictionariesanda classdictionary

Thetranslationis total on type-correctlasacito programs and
it mapsthemto type-correcMINIFLINT terms.

Proposition 3 (Type presewation) If ;0;0 Fp p : ty = H; R
then®; @ - p ~ H; R;eandd F e : [ty]. {}, wheec ¢
dom(H).

The semanticcorrectnes®f the translationis showvn by establish-
ing amappingfrom Javacito runtimeconfigurationgo MINIFLINT
runtime configurationawvhich mapsvalue-configurationso value-
configurations,and proving that a Javacito reductionstep corre-
spondswith respecto this mappingto finitely mary MINIFLINT
reductionstepq23]; we omit the proofsdueto spaceconstraints.

6 Extensions

Mary featuresof Jasa canbeaccommodatedirectlyin our frame-
work, but wereleft outin orderto simplify theformal presentation.

6.1 Unordered recor ds

We have usedorderedrecordsin our translationof Javacitq but we
canaddunorderedecordgq38] into thetametlanguageaswell:

types T
terms e

... {7}
[ l=¢e)*}

Here, {7} denoteshe unorderedecordtype wherer mustbe of

kind R?, and € (I = e)*} is the unorderedecordtermwhich (un-

like orderedrecords)requiresruntimedictionaryconstruction.Se-
lectingfrom anunorderedecordusesthe samesyntaxasselecting
from anorderedrecordbut it requiresruntimedictionarylookup.

SomeJava compilersusethe samerepresentatiorfior objects
of interfacetypesasfor thoseof classtypes,socastingto interface



typerequiremoruntimeoperationslUnorderedecordscanbeused
to supporthisrepresentatioby collectingall theitableentriesof a
vtableinto aseparateinorderedecord,itself anelemenbf thestill
orderedvtable. Castingan objectinto interfacetype only requires
repackagingt (aruntimeno-op)to hidethoseentriesnot exported
by the currentinterface.

6.2 Access contr ol

Javacitoonly allows privatefieldsandpublicmethodsbput otherac-
cessscopingschemesanalsobe supported.Private methodscan
simply belet-boundwithin the classdictionarysincethey cannei-
ther be calledfrom subclassesor overridden. Public fields could
be placeddirectly in an objects fields record,without needingto
be segyregated.

Protectecandpackagescopegequireaddinga notion of Java-
style padkage into MINIFLINT. Otherwise they canbe supported
using the techniqueproposedby Moby [16]. The dict and new
fields in our classencodingroughly correspondo the classview
andthe objectview in Moby. If we export a classoutsideits defi-
nitional packageall protectednethodsandfieldsshouldbehidden
from the objectview but notthe classview while thoseof package
scopeshouldbe hiddenfrom both.

6.3 Dynamic casts and exception

Dynamiccastsandruntimetypeidentificationcanbeaddresseds-
ing extensiblevarianttypessimilar to the exn datatype in Stan-
dardML. We adda new extensiblevariantdeclarationinsideeach
classc or interfaces (for simplicity we borrav the syntaxof excep-
tion declaratiorin ML):

exception Tag, of ObjGen|[c] town;
or exception Tag; of ViewGenl[i] tstamp;
Supposeur extensiblevarianttypeis namedTagged; then,inside
eachclassdeclarationof ¢, we adda methodnamedallviews that
takes the self objectand returnsa list of Tagged values. More
specifically the allviews methodtakes the self object s, and for
eachancestorclassc’ (andinterfacesd’) it upward-castss into an
objectof ¢’ (or '), packagest with the Tag,, (or Tag,) flag, and
thenreturnsthe entirelist of resultingTagged values.We alsoadd
the specificatiorfor theallviews methodinto eachinterfacesothat
it canbeinvoked on objectsof interfacetype aswell.

To testif anobjecto is aninstanceofclassc (or interfacez), we
invoke the allviews methodon o andthencheckthroughthe result
Tagged list to seeif ary of themis taggedwith Tag, (or Tag;).
Thecheckcasbperatiorcanbeimplementedn thesamewaysince
the objectassociateavith Tag, (or Tag,) is alreadyof typec (or
). Notice unlike Glew’s recentwork [19], our techniquedoesnot
usehierachicalextensiblesumsor variance-basedubtypingso it
requiresa muchsimplertargetlanguage With carefulcoding,the
allviews methodcanbe implementedasefficiently asthe untyped
codeusedin typical Java compilers.

6.4 Miscellaneous

Null referencesreencodedy lifting all external objecttypesto
varianttypeswith a null alternatve, similar to the option data
typein StandardvL. Then,all objectoperationamustfirst verify
that the objectpointeris not null. Sincethis could fail, we also
needsupportfor uncheckd exceptionswhich canbe achieved by
addinganexceptionmechanisnin thestyle of StandardML.

Mutually recursve class and interface declarationsneed a
fixed-point constructionover the correspondingcomponentsin
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MINIFLINT; thefixedpoint alreadyusedin the definition of asin-
gleclasscannotegeneralizedor thispurposesincethiswill result
in “friend” statusof the otherclasses.

Other aspectsof Java suchas concurrenyg, final, reflection,
classloaders anddynamicloadingaremorechallenging,we have
preliminaryideasaboutimplementinghem,but developingthede-
tails remainsasfuturework. Of courseour F“-basedramework is
particularlywell-suitedfor implementinglava extensionsasen
higherorderfunctionsandtypessuchasthosein Pizza[27].

7 Related Work

Objectandclassencodings$have beenextensviely studied.Theuse
of row polymorphismpositionsour schememostcloselyto thatof

Rémy andVouillon [32], howvever the specialobjecttypesof Ob-

jective ML reducethe useof row polymorphismto only the cases
of binary methodg4], while the self-applicationrsemanticof our

schemeusesrows to representhe opentype of self even though
Java lacks binary methods. The unorderedrecordsof Objectve

ML aregearedowardssupportfor multiple inheritancejn contrast
our schememales singleinheritanceefficient, while an extension
with multiple inheritanceis still possible(but lessefficient) using

interfaceviews asthe basicrepresentation.

In the contet of objectencodingsin F“-basedanguagegs,
29, the genealogyof our encodingcan be tracedbackto encod-
ingsbasedn F-boundegolymorphism[7, 13], from whichthe F-
boundshave beeneliminatedusingintersectiontypes,which have
furtherbeenreplacedy row polymorphism(in the caseof objects)
or realizedastuples(in the caseof interfaceviews). At the most
basiclevel, methodinvocationusesself-applicationthe whole ob-
ject is a parameteiof eachmethod),shaving similarity with the
encodingdueto Abadi, Cardelli, and Viswanathan1]; however,
hiding the actualclassof the recever is achiezed usingexistential
quantificationover row variablesinsteadof splitting the objectinto
aknown interfaceanda hiddenimplementationThis allows reuse
of methodsn subclassewithoutarny overheadmodulotypeappli-
cations,which areno-opsin theintendedtype-erasursemantics).
Furtherwe useananalogof therecursve-eistentialencodingdue
to Bruce[6] to give typesto otheramgumentsor resultsbelonging
to the sameclassor a subclassas neededn Java, without over-
restrictingthe type to be the sameasthe recever’s. The private
instancevariablesof theseobjectsarethusaccessibldy methods
of theclass;they areprotectedby thefinal level of encapsulation.

Fisherand Mitchell [14, 15] shav how to useextensibleob-
jectsto model Java-like classconstructs. Our encodingdoesnot
rely on extensibleobjectsas primitives, but it may be viewed as
animplementatiorof someof their propertiesn termsof simpler
constructsln particular extensibility of objectsis only usedwhen
they have therole of prototypes,andthe ability to extendan ob-
jectin generaltakes us further from the intendedJava semantics.
In our translationtheserolesare clearly separated Our encoding
of classegguaranteesestrictedvisibility and (asa consequence)
correctinitialization of privateinstancevariablesandthey provide
directly reusablecollectionsof methodsaswell asmeango create
new objects. Onecriterion our encodingfails is to automatically
propagatechangesn a baseclassto its descendantdyut it is un-
clearif this criterioncancoexist with Java’s binary compatibility

8 Conclusions

We have presentech formal translationof Java classesinterfaces,
and privagy into a call-by-value variant of F* using simple and
well-known extensions. Even thoughthe resultingcode contains
full typeinformation,theruntimeobjectlayoutcorresponds what



onemightexpectin anuntypedimplementationThe operationof
object creation,methodinvocation,andfield selectionare imple-
mentedefficiently in termsof primitive F“ constructs.Thus,they
arecandidatedor standardptimizationsandwe canreasorabout
their interactionwith foreigncode.

An implementationof this encodingis in progress. As of
April 1999, we finished a prototypeimplementationwhich can
translateall thefeatureof Javacitointo asimple,interpretedamet
calculus. We areworking on connectingthis simple target calcu-
lus implementatiorto the full-fledged FLINT compiler[34, 35],
in orderto leverageits type-directedptimizations,compilerback
ends,and runtime support. The actual FLINT intermediatelan-
guageis surprisingly close to the target calculuspresentechere
(MINIFLINT); all we needis just to addtherow polymorphism.
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